In this paper the authors perform an extensive sensitivity analysis of the Indian summer monsoon rainfall to changes in parameters and boundary conditions which are influenced by human activities. For this study, the authors use a box model of the Indian monsoon which reproduces key features of the observed monsoon dynamics such as the annual course of precipitation and the transitions between winter and summer regimes. Because of its transparency and computational efficiency, this model is highly suitable for exploring the effects of anthropogenic perturbations such as emissions of greenhouse gases and sulfur dioxide, and land cover changes, on the Indian monsoon.
Introduction
The Indian Monsoon is an annual recurring phenomenon that brings vital rain to India. Life in India depends strongly on the monsoon rain and its effects on India's agriculture (Parthasarathy et al., 1992; Webster et al., 1998) . A weak summer monsoon (as e.g., in 2000) can be accompanied by poor harvests and food shortages and a lack of fresh water among the rural population, which constitutes two thirds of India's total population. On the other hand, a monsoon with higher precipitation than normal (as e.g., in 2005) , can cause disastrous floods, again leading to a failure of harvest and food shortage.
Climatologically, the Indian Monsoon is part of a large-scale circulation pattern, known as the Asian Monsoon. The summer monsoon investigated here occurs from June to September and develops due to thermal gradients between the warm Indian continent and the cooler temperatures in the Indian Ocean. The warmer air masses over land result in areas of low pressure, whereas over the ocean the colder air masses yield higher pressures. This pressure gradient entails the supply of moisture over the Indian continent that ascends, condensates, and is released as precipitation. Several processes influence the Indian monsoon: SSTs of the Indian Ocean (e.g., Clark et al., 2000; Kucharski et al., 2006) , land surface characteristics like soil moisture and the surface albedo (e.g., Meehl, 1994; Claussen, 1997; Robock et al., 2003) , large scale circulations like the Hadley and the Walker or trade wind circulation (e.g., Webster and Yang, 1992; Krishnamurthy and Goswami, 2000) , the orography, e.g., of the Tibetan Plateau (e.g., Liu and Yin, 2002) , and the snow cover over Eurasia (e.g., Hahn and Shukla, 1976; Dash et al., 2005) .
The influence of anthropogenic activities on the Indian summer monsoon rainfall (ISMR) has been investigated in a number of studies. Most of them indicate that emissions of greenhouse gases, that alter the heat budget of the system and therefore the land-sea temperature contrast, could increase the monsoon intensity and/or variability (Meehl and Washington, 1993; Zwiers and Kharin, 1998; May, 2002) . On the other hand, there is evidence of an aerosol-induced reduction of precipitation (e.g., Patra et al., 2005) or of no clear indication for an influence of global warming at all (Kripalani et al., 2003) . In a recent study (Paeth et al., 2008) investigate results of climate model simulations performed in support of the Third Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) (IPCC, 2001 ) under several greenhouse gas and sulphate aerosol forcing scenarios and find large differences in the projections of the individual models with a probable intensification under enhanced greenhouse conditions. Goswami et al. (2006) show with data analysis that despite a relatively constant mean monsoon precipitation, heavy rainfall events exhibit a rising trend in frequency and magnitude over the last 50 years and Auffhammer et al. (2006) relate air pollution and reduced precipitation caused by climate change to a reduction of rice production in India.
Considering the fact that the impact of climate change on the ISMR is contradictory in different studies and models, the purpose of our study is to understand some of the physical mechanisms that influence the Indian monsoon under climate change and to perform a detailed sensitivity study of the Indian monsoon system. In doing this, we address one of the key questions formulated in the MAIRS initial science plan: "Is the Asian monsoon system resilient to this human transformation of land, water and air?" (MAIRS, 2006) .
For our study, we use a box model of the Indian monsoon, which has proven to well reproduce relevant variables, e.g., precipitation averaged over India (Zickfeld, 2004) . Because of its transparency, this reduced form model is highly suitable for understanding the effect of anthropogenic perturbations such as emissions of greenhouse gases and sulfur dioxide, and land-cover changes.
This paper is organized as follows: we introduce the box model with the most important equations for the sensitivity study in section 2. The model validation with a profound optimization is given in section 3. In section 4, a detailed sensitivity study with respect to quantities influenced by human action is taken out. Finally, a summary is given in section 5.
Model setup and data
For our analysis we employ a one-dimensional model of the Indian monsoon that was first presented in Zickfeld et al. (2005) and is described in detail in Zickfeld (2004) . It consists of one four-sided box which is centered over India and is delimited by the Indian Ocean at its eastern, southern and western boundaries and by the Tibetan Plateau at its northern boundary (cf. Fig. 1 ). In the vertical, the atmosphere is described by three layers: PBL with the surface layer at its lower boundary and the stratosphere as its upper boundary (cf., Fig. 2 ). The underlying land compartment is represented by two soil layers. The prognostic variables in the model are the near-surface air temperature T a , the specific humidity q a , and the soil moisture w 1 , w 2 of the two soil layers. All other variables such as precipitation, evaporation, net longwave radiation and surface wind are diagnosed from the above-mentioned four. Inside the box, the variables are described in terms of their spatial averages. The only meridional and zonal gradients are those between the box interior (i.e., the Indian sub-continent) and its boundaries, whose climatic conditions (temperature, humidity, cloudiness) are externally prescribed Fig. 1 . Schematics of the box model of the Indian monsoon. T (z), q(z), w1, w2 are calculated prognostically, whereas the climatic conditions at the box boundaries (the temperatures and specific humidities at the oceanic boundaries and over the Tibetan Plateau) are externally prescribed. with a seasonal cycle. The associated temperature gradients drive the annual evolution of the local monsoon circulation.
The boundary conditions are prescribed according to the long-term monthly means for 1968-1996 from the NCEP reanalysis data (Kalnay et al., 1996) . The northern boundary is defined as the mean over (30 • -35 • N, 70
• -82.5
• E), the eastern boundary over (7.5 • -17.5
• N, 85
• -92.5
• E), the southern boundary over (0) (1) (2) (3) (4) (5) • N, 70
• -85
• E) and the western boundary over (7.5 • -17.5
• N, 62.5
• -70 • E). We prescribe the conditions for surface air temperature T i , specific humidity q i and cloudiness N i at the southern boundary (T S , q S , N S ), at the western boundary (T W , q W , N W ), at the eastern boundary (T E , q E , N E ) and at the northern boundary to the Tibetan Plateau (T Tib , q Tib , N Tib ). Further, we prescribe the Hadley and the trade wind circulation and the insolation at the top of the atmosphere.
Heat balance
The temporal evolution of the system is computed from the respective balance equations for atmospheric heat and water and soil water content. The heat balance equation for the combined surface-plusatmosphere system reads:
where θ is the potential temperature and T s the surface temperature.
The first term on the right hand side of Eq. (1) is the incident solar radiation at the top of the atmosphere F ↓ , modified by the planetary albedo A sys . This term is a function of the insolation I 0 , the mean solar zenith angle ξ, the cloudiness and the albedo of the clouds and the surface. The term F ↑ , the net outgoing long-wave radiation at the top of the atmosphere, is treated according to Budyko (1982) as a function of the surface air temperature T a , the cloudiness N over India, and the CO 2 concentration p in the atmosphere:
where T 0 is the reference temperature and the coefficients A 0 , B 0 , C 0 , D 0 are functions of the atmospheric CO 2 concentration p in relation to the reference CO 2 concentration p 0 :
where X ∈ {A, B, C, D} and X 00 are parameters.
The horizontal advection of heat, A T , is described according to Petoukhov et al. (2000) as the vertical integral over the sensible heat flux due to the horizontal circulation and is a sum of the contributions from the local monsoon circulation and the large-scale Hadley and Walker circulations. The surface winds associated with the local monsoon circulation, u m0,i , are calculated explicitly and computed from the temperature difference between India and the respective boundary:
The condensation rate C is set equal to precipitation, which is also discussed below. The evapotranspiration E is described in the bulk transfer approach (Hansen et al., 1986) . Further, H a denotes the height of the atmosphere, ρ = ρ(z) the air density, c p the specific heat of air at constant pressure, h s the depth of the upper soil layer and c s the heat capacity per unit soil volume which increases along with the water content of the soil. L refers to the latent heat of evaporation. In order to reduce the dimensionality of the system, we shall assume ∂T s /∂t ≈ ∂T a /∂t. This assumption has proven to influence the model behavior only marginally.
Water balance
The vertically integrated water balance equation is given by the expression:
where q = q(z) denotes the vertical profile of specific humidity and A v is the horizontal advection of moisture. The soil moisture, which determines evapotranspiration, is computed prognostically according to a twolayer model Hansen et al. (1986) . The rates of change of moisture in the two soil layers are:
where the wetness of the ith layer, w i , is the ratio of available water to field capacity f i and R is the surface runoff. The precipitation, P , is described in accordance with Petoukhov et al. (2000) as:
where N is the total cloud amount and τ P the turnover time of water in the atmosphere which is a function of the vertical velocity, w:
τ 0 , a τ and a 3 are parameters. The vertical velocity w at the upper boundary of the PBL is derived from the continuity equation as the sum of the contributions due to the monsoon and the Hadley circulations.
The surface runoff R is assumed to be proportional to precipitation and water content of the upper soil layer Hansen et al. (1986) . τ denotes the time constant for diffusion of moisture between the two layers.
Vertical structure of the atmosphere
The vertical profile of the temperature, T (z), is parameterized in terms of the near surface value T a with a linear profile in the troposphere (T (z) = T a − Γz) and a constant profile in the stratosphere (T (z) = T a − ΓH t ), cf., Fig. 2 . The lapse rate Γ is described according to Petoukhov et al. (2003) :
with parameters Γ 0 , Γ 1 , Γ 2 , a q and N cu the cumulus cloud amount. The specific humidity q(z) is assumed to decrease exponentially with height:
where H e is the water vapor scale height.
Land surface parameterization
The albedo of the land surface, A s , influences the heat budget of the system through the planetary albedo, A sys . It is computed as the weighted sum of the albedos of vegetated and bare soil, A sv and A sb , respectively:
where V is the fraction of the land surface covered by vegetation. The albedo of the vegetated soil is determined by the type of vegetation cover. The bare soil albedo is dependent on the soil color (which is prescribed) and the water content of the upper soil layer Dickinson et al. (1986) . The surface roughness z 0 is used to calculate the cross-isobar angle which determines the local monsoon circulation, u m0,i , and the drag coefficients for the fluxes of water and heat. In the model, z 0 is a combination of the roughness of the surface covered by vegetation, z v , and the roughness of the bare soil, z b . It is computed by combining the drag coefficients for bare and vegetated soil (Claussen, 1991) :
where z s is the blending height. V is calculated according to Brovkin et al. (1998) as a hyperbolic function of precipitation P :
where P cr is a threshold value of annual mean precipitation below which the vegetation cover cannot be sustained in the long term. V max is the maximal possible vegetation cover and a v is a parameter.
Model validation
The model described above includes a number of parameters, some of which are physical constants or known from observations. However, most parameters are to some degree model dependent ("tunable"). To choose these parameter values adequately, we first perform a 2-step procedure to determine the parameter settings that best fit the observational data. As the variable of interest, we use the deviation from the observed seasonal cycle of precipitation over India (Eq. 14). The first step consists of identifying those parameters that have the strongest influence on the seasonal cycle of precipitation. Subsequently, these parameters are optimized so as to minimize the cost function.
Global sensitivity analysis
The scope of the global sensitivity analysis (GSA) is to identify those parameters that have the largest (the smallest) effect on the seasonal cycle of precipitation and to come up with a ranking of the parameters according to their importance. We choose 46 model parameters a (this set will in the following be referred to as S 46 .) with the uncertainty ranges indicated in Table 1 . We calculate the influence of these paramea The other parameters are physical constants. Fig. 3 . Results of the global sensitivity analysis. The mean distance µ is a measure of the influence of a parameter on the cost function F (Eq. 14), with higher values meaning stronger influence. A high variance σ indicates that the effect of a parameter on the cost function F is non-linear. The most influential parameters are labeled.
ters on the deviation of the seasonal cycle of modeled precipitation P mod from the long-term mean observed value P obs :
where P mod,i , P obs,i (i =January, . . . , December) are monthly-mean values. As reference values, P obs , we use the All India Rainfall (AIR) index (Parthasarathy et al., 1995) . Eq. (14) will also be used as cost function for the parameter optimization.
To identify the most influential parameters we apply the multi-run simulation environment SimEnv (Flechsig et al., 2005; SimEnv, 2006) . The method applied by SimEnv is the Morris method (Morris, 1991) , modified by Campolongo et al. (2005) . The uncertainty ranges of the 46 parameters are subdivided into equal m = 8 intervals for each parameter.
On the resulting regular grid of (m + 1) 46 grid points the Morris method lays random trajectories through this 46-dimensional space, whereby two adjacent points on a trajectory only differ in one parameter s i . The points are simultaneously adjacent grid points and each s i is varied only once on every trajectory. In the parameter space this results in trajectories with 46+1 points. Measured is the distance ∆F ij between the two values for the variable F of the jth trajectory with respect to the parameter s i that is varied. Two statistical measures are derived for each parameter s i from this analysis: the mean absolute value µ i = mean(|∆F i |) and the standard deviation σ i = σ(∆F i ) over all trajectories. A high mean value, µ i , is interpreted as an important overall influence of the parameter on the model output F . A high variance σ i indicates that the parameter is involved in interactions with other parameters with respect to the model output or that the effect of the parameter on the model output is non-linear .
Here, we randomly sample 300 trajectories, resulting in (46+1)×300=14100 sample points and single model runs in total. Although these runs only cover a small part of the whole parameter space, the ranking is found to be robust.
The ranking according to the value of µ deduced from this analysis is given in Table 1 . We obtain a clustering of the parameters with only a few highly influential parameters and a majority of parameters with low influence. We find that the most influential parameters are those that determine either precipitation directly (such as the characteristic precipitation time τ 0 , cf. Eq. (8) or the monsoon circulation u m,i (z) (via the parameters G k , G h,1 , G k,1 that determine the cross-isobar angle) and therefore the advection of heat, A T , and moisture, A v .
Optimization and validation
With the identification of the most influential parameters, we hold in hand the prerequisite to optimize the modelefficiently. We choose the ten most influential parameters for the optimization procedure. The optimization is performed with SimEnv with an Adaptive Simulated Annealing (Ingber, 1996) procedure to allow for finding the global minimum of the cost function. As a cost function we choose the deviation from the observed annual cycle of precipitation, as given by Eq. (14) .
The optimal parameter settings are listed in Table 1. With this setting the model reproduces the observed annual cycle of monsoon precipitation very well (cf., Fig. 4 ). The deviance from the long term summer monsoon rainfall for June-September (JJAS) of 849 mm is 2%. Moreover, onset and offset of the summer monsoon are captured correctly by our model. Qualitatively, the annual cycle of the monsoon as simulated by our box model closely resembles the observed monsoon dynamics for the surface temperature, T a , and the specific humidiy, q a , (cf., Fig. 5 ). For the soil moistures, w 1 and w 2 , it is hardly possible to show corresponding observational data. The correspondence between model results and data is also satisfactory in quantitative terms, except that the temperature over India is modelled as too high with no significant cooling in winter. As a consequence, the land is slightly warmer than the surrounding ocean, even in winter, such that the land-ocean temperature gradient is not truly reversed. This is caused by the fact that with our model we can only represent the local monsoon circulation and not the large-scale circulation, e.g., the Hadley circulation, which is only included as a boundary condition. Moreover the model does not account for the influence of the Tibetan Anticyclone and Transverse Monsoon, which are specifically important in winter.
All in all, our simple model performs well in simulating the observed monsoon dynamics. This demonstrates that despite its high degree of idealization the model captures the essential physical processes and feedback mechanisms.
Sensitivity analysis
In this section, we describe the sensitivity of Indian rainfall to variations of the model parameters and boundary conditions. We devote particular attention to the quantities influenced by human actions. Three different kinds of anthropogenic forcing are considered here: (i) emissions of greenhouse gases (GHGs), (ii) emissions of aerosol-generating substances (mainly SO 2 ) and (iii) land-cover changes. GHG emissions lead to higher CO 2 concentrations and different climate conditions at the boundaries (e.g., higher boundary temperatures T i ). SO 2 emissions result in higher particle concentrations in the atmosphere, which affects the back-scattering of solar radiation, the radiative properties of clouds, and the cloud droplet size and hence the precipitation efficiency. We take the latter two effects into account by increasing the optical thickness of stratus clouds, τ st , which in turn increases the planetary albedo, A sys , and by increasing the characteristic precipitation time, τ 0 (Eq. 8), which leads to a reduction in precipitation. Land-cover changes such as forest conversion or desertification cause a decrease of the roughness length of vegetated soil z v (Eq. 12) on one hand and an increase in the albedo of vegetated soil, A sv , on the other (Eq. 11). Desertification is taken into account in our model by decreasing the maximum fractional vegetation cover, V max (Eq. 13).
In the following, we first investigate the sensitivity of Indian rainfall to changes in single parameters (section 4.1). We then perform a combined sensitivity analysis, whereby we group the parameters that can be affected by a specific human intervention (e.g., p and T i , which are both influenced by anthropogenic GHG emissions) (section 4.2). Finally, we choose the most influential parameter out of the three groups (i)-(iii) of potential human actions and investigate the sensitivity of Indian rainfall to simultaneous changes in those parameters (section 4.3).
Sensitivity of single parameters
The parameters varied in the course of the sensitivity analysis are listed in Table 2 along with the values employed. The annual cycle of precipitation for each parameter is given in Fig. 6 . Table 2 summarizes the Indian summer (JJAS) precipitation and the onset/ offset of the summer monsoon for each experiment. Summer monsoon onset is defined as the time when precipitation begins to rise sharply, which corresponds to a switch in the vertical velocity from negative to (Kalnay et al., 1996) are averaged over (15 positive values and the startup of cumulus convection. The monsoon withdrawal is defined as the time the vertical velocity again switches to negative values. Figure 6 indicates that the variation of most of the anthropogenically influenced parameters mainly affects the summer precipitation over India. The magnitude and direction of summer precipitation changes differ among parameters. Increases in the CO 2 concentration, p, to two and four times the pre-industrial value lead to only a slight increase in summer precipitation relative to the present-day (2% to 5%). More significant changes in precipitation are modeled for a temperature increase at the four boundaries, ∆T i with i ∈ {E, S, W, Tib}, of 2.5 K and 5 K (11% and 20%). Increases in both the optical thickness of stratus clouds, τ st , and the surface albedo, A sv , relative to the standard values result in a decrease in summer rainfall. The reason is higher planetary albedo, reduced solar radiation penetrating to the surface, a weakening of land-to-ocean temperature contrast and hence, the monsoon circulation. A longer characteristic precipitation time, τ 0 , expectedly leads to a decrease in precipitation. The changes in summer precipitation are large, amounting to a decrease by 22.5% for the high τ 0 value. A decrease in the surface roughness also leads to reduced precipitation. The mechanism through which this occurs is a decrease in the crossisobar angle and hence, the monsoon circulation. A decrease in V max acts to reduce rainfall through two mechanisms: the increase in surface albedo, A sv , and the decrease in surface roughness, z 0 , (albedo is higher for bare than for vegetated soil and surface roughness is lower), which both weaken the monsoon circulation.
Overall, the influence of parameter changes on the summer monsoon precipitation (JJAS) is large, with changes ranging from +65% to −32.4%. By far the largest influence is the turnover time of waterin the atmosphere τ 0 . The value for τ 0 that results from the tuning is 6.25 days, which is well in line with the value of 3-10 days discussed in literature. Fixing all other parameters to their standard values, the observed variability of precipitation can be represented by a range for τ 0 between 4.6×10 5 and 6.3×10 5 (i.e., between 5.3 and 7.3 days). This indicates the realism of this model for the Indian monsoon precipitation.
The direction of precipitation change is opposite among the different types of human actions considered: whereas summer monsoon precipitation decreases for changes in all parameters associated with higher aerosol emissions, conversion of forest cover and desertification, precipitation increases under anthropogenic CO 2 emissions. This indicates that, ultimately, the sign of precipitation changes over India will depend on the direction and relative magnitude of the different human interventions. To gain insight in the coeval dependence of Indian rainfall on the different forcings, a combined parameter study is carried out (section 4.3).
Changes in summer monsoon on-and offset are small for most parameter variations. Significant changes occur only for the characteristic precipitation time, τ 0 , and the boundary temperature anomalies, ∆T i . The duration of the summer monsoon season is shortened by 9 days for τ 0 =7.5×10 5 s and lengthened by 9 days for ∆T i =5 K.
For the investigated parameter ranges, the model responds, in most cases, linearly to the parameter changes, except for τ 0 and A sv . In an earlier study (Zickfeld et al., 2005) we showed that a reduced form of the monsoon model exhibits a saddle node bifurcation with a regime shift from a wet to a dry monsoon regime in dependence of those parameters that influence the heat budget of the system. This strongly nonlinear decrease in precipitation is also seen in this model, for instance in dependence of the surface albedo, A sv . The "critical" value of for A sv of approximately 0.45, however, is beyond the plausible range for A sv .
Sensitivity to elevated CO 2 and SO 4 concentrations
In the above experiments the parameters were varied ad hoc. In order to gain a quantitative understanding of ISMR responses under plausible scenarios of global change, we perform a set of experiments with changes in parameters that can be related to a doubling and quadrupling of the pre-industrial CO 2 concentration. We also perform an experiment with increased atmospheric sulfate burden.
Given that the conditions at the box boundaries have to be prescribed externally, the choice of the specific climate change scenario is limited to the already existing simulations with coupled climate models of global scale. Here we use the CLIMBER-2 model as reference and take the anomalies in the boundary conditions from an equilibrium 2×CO 2 experiment with this model (Ganopolski et al., 2001 ). We further consider scenarios with CO 2 concentrations increased to four times the pre-industrial value by linear extrapolation of the boundary conditions for the 2×CO 2 case (cf., Table 3 ). This is only a crude approximation since the response of the climate system to large concentration changes is certainly not linear, but given the overall simplicity of the model and the exploratory purpose of these experiments, we think it is a valid assumption.
We calculate the equilibrium response of the annual cycle of the Indian monsoon to the two CO 2 forcings. Our results indicate a strengthening of the hydrological cycle under increased CO 2 conditions. In the 2×CO 2 and 4×CO 2 experiments JJAS precipitation over India increases by nearly 11% and 22%, respectively (cf., also Fig. 7 and Table 4 ). This increase in precipitation is well in line with studies analysing projections of state-of-the-art GCMs, e.g., those used in support of the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC): Annamalai et al. (2007) , e.g., report an increase in mean monsoon rainfall of 5%-25% over the Indian subcontinent for CO 2 doubling, Kripalani et al. (2007) report an increase in mean monsoon precipitation of 8% for the south Asian region. In our model, this observed strengthening of the hydrological cycle is due to higher specific humidity over the oceans which leads to stronger landward advection of moisture and hence increased convection, cumulus cloudiness and precipitation.
Perhaps surprisingly, the temperature contrast between the Indian Ocean and the Indian peninsula is reduced slightly under increased CO 2 conditions (since T a increases less than T S , T E and T W ). As a consequence, the monsoon circulation weakens relative to the present-day strength. There are two explanations for this behavior. The reduction in the temperature contrast could be due to different sensitivities to CO 2 concentrations of the radiative scheme implemented in the CLIMBER-2 model, which is used to determine the temperatures at the boundaries, and the Budyko (1982) scheme used in the present model. Alternatively, the weakening of the temperature gradient may be associated with increased cumulus cloud cover which reduces the amount of solar radiation penetrating to the surface. This explanation is consistent with GHG experiments with comprehensive models which indicate a local minimum of temperature increase over India due to significant changes in the hydrological cycle (Kitoh et al., 1997) .
In a subsequent experiment, we investigate the response of the Indian monsoon to increased anthropogenic sulfur emissions. Given that our model does not include a proper representation of the sulfur chemistry, the aerosol forcing is treated in a highly idealized way. The direct radiative effect due to back-scattering of solar radiation in the clear-sky atmosphere is expressed as a perturbation of the surface albedo depending on the total sulfate aerosol burden in the atmospheric column (Mitchell et al., 1995; Meehl et al., 1996; Haywood, 1997) :
where k e is the specific extinction coefficient of sulfate aerosol, B SO 4 is the total column burden of sulfate and β is the backscattered fraction. k e and β are set to values of 8 m 2 g −1 and 0.29 (Mitchell et al., 1995) . The sulfate aerosol concentration is taken from a study in which a chemical transport model coupled to an AOGCM is driven by IPCC emission scenario IS92a (Roeckner et al., 1999) . The employed value of 25 mg m −2 corresponds to the decadal mean for 2040-2050 over India. For a surface albedo of 0.16 (which corresponds to the summer value in our model), the above formula leads to an increase in surface albedo by almost 50%.
The first indirect aerosol effect is taken into account by increasing the optical depth of stratus clouds, τ st , by 20%. This increment is the result of educated guesswork rather than a value derived from model simulations. The procedure, however, to consider the indirect aerosol effect via increase in cloud albedo is applied in studies with complex models as well (cf., e.g., Meehl et al., 1996) . Through their effects on the size of cloud droplets, aerosols also affect precipitation directly. In fact, large concentrations of aerosols nucleate smaller droplets that coalesce inefficiently into raindrops (Rosenfeld, 2000) . We account for this effect by increasing the characteristic precipitation time, τ 0 , by 20%.
The parameter settings used in the aerosol experiment (denoted "SO 4 ") are summarized in Table 3 . Note that we leave the conditions at the boundaries unchanged given that the aerosol loading is found to be mainly concentrated over the Asian continent (Roeckner et al., 1999) .
Our results indicate that the increased reflectivity of the atmosphere under both clear-sky and cloudy conditions leads to a reduced fraction of solar energy entering the systems. This leads to a weakening of the land-ocean temperature contrast and, in turn, the monsoon circulation. As a consequence, landward advection of moisture, evaporation and precipitation are reduced. This general weakening of the hydrological cycle is amplified by the direct effect of the aerosols on precipitation. In fact, higher τ 0 decreases the precipitation efficiency [defined here as 1/τ P ; cf., Eq. (7)], and, in turn, the latent heat release to the atmosphere. This further weakens the land-sea temperature contrast. The overall effect of the scattering aerosols is a reduction of summer precipitation by as much as 23% (cf., Fig. 7 and Table 4 ).
Combined sensitivity analysis
So far, we have analyzed the effects of changes in parameters related to each type of human interaction separately. In order to get a sense of which effect will ultimately dominate, we take the most influential parameter out of every subset (i)-(iii) described in section 4.2, i.e., (i) GHG emissions, (ii) sulfur dioxide emissions, and (iii) land-cover changes. These are (i) the temperature anomalies at the boundaries ∆T i , (ii) the turnover time of precipitation τ 0 , and (iii) the maximal vegetation cover V max . We use three values for each parameter (cf., Table 2 ), which results in a 3 3 dimensional grid, and explore the sensitivity of ISMR to these parameter changes (cf., Fig. 8) .
From Fig. 8 it can be deduced that it strongly depends on the exact value the three analyzed parameters will take in the future whether human activities will lead to a decrease or increase of monsoon precipitation. The range of possible responses ranges from a decrease by 52% to an increase by 115%.
Both of these changes would likely challenge the adaptive capacity of the rural population in India. As a worst-case scenario, a "roller-coaster" effect is possible (Zickfeld et al., 2005) , whereby the monsoon precipitation first decreases strongly due to increasing aerosol concentrations, but then suddenly increases as the effect of increased CO 2 concentration and rising ocean temperatures become manifest.
Summary and conclusions
In this paper, we presented an in-depth analysis of the sensitivity of Indian summer monsoon rainfall to changes in parameters and boundary conditions which are influenced by human activities. The analysis was conducted using a one-dimensional box model of the tropical atmosphere centered over India, which includes parameterizations of the radiative and surface fluxes, the hydrological cycle and surface hydrology. Despite its simplicity, the model can be optimized so as to satisfactorily reproduce key features of the observed monsoon dynamics such as the annual course of precipitation and the transitions between winter and summer regimes. The advantages of this model are its computational efficiency, which allows one to perform a large number of sensitivity experiments, and its transparency, which allows for a clear understanding of the physical mechanisms behind the model response.
We first performed a set of sensitivity experiments, whereby nine model parameters were varied independently. These parameters can be associated with human emissions of greenhouse gases, emissions of aerosols and land-cover changes. We find that changes in those parameters which are related to emissions of greenhouse gases (CO 2 concentration and surface air temperature at the boundaries) lead to an increase in Indian summer rainfall. In contrast, all parameters related to higher atmospheric aerosol concentrations (the planetary albedo and the characteristic precipitation time) lead to a decrease in Indian rainfall. Similarly, changes in parameters which can be related to forest conversion or desertification (the surface albedo and roughness), act to decrease the summer precipitation.
In the above experiments the parameters were varied ad hoc. In order to gain a quantitative understanding of ISMR responses under plausible scenarios of global change, we perform a set of climate change experiments, with changes in parameters that can be related to a doubling and quadrupling of the preindustrial CO 2 concentration. We also perform an experiment with an increased atmospheric SO 4 burden. Results of a set of GHG experiments indicate that under 2×CO 2 and 4×CO 2 conditions, summer precipitation over India increases. This occurs despite a slight weakening of the land-ocean temperature contrast and hence, a slackening of the monsoon circulation. The reason for this is higher humidity over the oceans which leads to increased landward advection of moisture. Results of an aerosol experiment indicate that under enhanced atmospheric sulfate loading alone, summer precipitation is reduced considerably. The reason is the cooling of the Indian subcontinent relative to the adjacent oceans.
Which direction of change will ultimately prevail under plausible scenarios of human intervention? To answer this question we have chosen the most influential parameter for each type of human intervention (the temperature at the oceanic boundaries, the maximum vegetation cover and the characteristic precipitation time). Our results indicate that the sign of precipitation changes over India will depend on the direction and relative magnitude of human perturbations. A likely scenario is that emissions of greenhouse gases will increase atmospheric CO 2 concentrations to at least twice the pre-industrial values and that because of their adverse effects on human health and food production SO 2 emissions will start to decline. Under such assumptions, our model projects ISMR to increase. Large changes in vegetation cover towards deserts, however, have the potential to offset some of this change.
